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Cavity-enhanced superradiant Rayleigh scattering with ultra-cold and Bose-Einstein
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We report on the observation of collective atomic recoil lasing and superradiant Rayleigh scattering
with ultracold and Bose-Einstein condensed atoms in an optical ring cavity. Both phenomena are
based on instabilities evoked by the collective interaction of light with cold atomic gases. This
publication clarifies the link between the two effects. The observation of superradiant behavior with
thermal clouds as hot as several tens of µK proves that the phenomena are driven by the cooperative
dynamics of the atoms, which is strongly enhanced by the presence of the ring cavity.
PACS numbers: 42.50.Gy, 03.75.-b, 42.60.Lh, 34.50.-s
I. INTRODUCTION
The interaction of light with atomic gases takes place
in most cases as a local process: Light shone into an
atomic cloud is scattered by individual atoms. In prin-
ciple, every atom having scattered a photon can be de-
tected through the momentum imparted to it by photonic
recoil, and in general, the scattering process is ignored
by all other atoms. This holds even for Bose-Einstein
condensates (BEC), which are pure quantum states con-
sistent of an ensemble of delocalized atoms. There are
however prominent exceptions: Dicke superradiance [1]
is a well-known synchronization phenomenon in sponta-
neous emission. It is observed, for instance, as a collec-
tive deexcitation of an ensemble of inverted atoms with
an accelerated rate, which scales with the square of the
number of inverted atoms [2]. Another example is the
collective absorption of photonic recoil by an ensemble of
atoms tight together by strong forces known as Mo¨ßbauer
effect [3, 4].
Collective effects in light scattering arise when the
scatterers are mutually coupled by interactions or dis-
play long-range order. Often the collective coupling in-
volves mechanical forces, for example photonic recoil or
the electrostrictive force arising from dipole-dipole in-
teractions. In both cases, the interatomic force origi-
nates from a radiative interaction, or using fully quan-
tized terms, the transfer of phonons is mediated by an
exchange of photons. Compared to short-ranged binary
collisions radiation-based interaction extends much fur-
ther in space. Under some circumstances it can be com-
pletely delocalized. In some cases, collective coupling can
trigger instabilities. Well-known examples for instabili-
ties in the field of nonlinear optics are stimulated Raman
scattering, stimulated Brillouin scattering or the collec-
tive atomic recoil laser (CARL) [5, 6, 7, 8, 9].
Collective instabilities have recently been observed in
clouds of cold and ultra-cold atoms driven by light [7,
10, 11, 12, 13, 14, 15]. In the present paper, we focus on
two types of experiments, dealing with the superradiant
Rayleigh scattering (SRyS) phenomenon on one hand [10,
11, 12] and the collective atomic recoil laser [7] on the
other.
CARL is observed, when a strong pump field is shone
onto an atomic gas. This leads to the exponential growth
of an unpumped probe light field and to the formation
of an atomic density grating [5, 6]. If pump and probe
light field are counter-propagatingmodes of a high-finesse
ring cavity, the interaction time of the light fields with
the atoms can be enhanced by several orders of magni-
tude, which supports the amplification. Consequently,
all CARL experiments carried out up to date employed
ring cavities [7, 8, 9]. Therefore, in this paper we will
use the term CARL in the tight sense of a cavity-assisted
collective instability, although the CARL has originally
been postulated without cavity [5].
SRyS has first been observed in Bose-Einstein con-
densed atomic clouds. A short laser pulse shone onto the
cloud is scattered from atoms of the BEC, which then
by photonic recoil form motional sidemodes. Matter-
wave interference between the recoiling atoms and the
BEC at rest leads to the formation of an atomic density
grating thereby exponentially enhancing the scattering.
SRyS was originally attributed to four-wave mixing be-
tween optical and matter waves, bosonically stimulated
by the macroscopic occupation of the final momentum
state. Already in the pioneering work [10] it was rec-
ognized that SRyS does not require quantum degeneracy
and would in principle also work in a thermal cloud. Nev-
ertheless the terminology of bosonic stimulation and the
fact that SRyS could at first not be observed with ther-
mal clouds led to some obscurity and discussions about
the role of quantum statistical effects. Theoretic work
[16, 17] showed that the gain mechanism is independent
of the quantum statistics and should in principle also be
observable with fermionic and thermal atoms. The ex-
perimental prove was given by the observation of CARL
[7] and SRyS with thermal gases [18]. The important
feature is not the quantum state of the atoms but the
cooperative behavior.
CARL has a close analogy with SRyS, since they both
share the same gain mechanism [19]. However in contrast
to SRyS, CARL activity has been observed with thermal
2atoms as hot as a few 100 µK [7]. This fact raises the
question, what distinguishes both collective effects. In
both experiments there must be a coherent mechanism
correlating the individual scattering events. Coherence
can be transferred between scattering events either via
de Broglie waves interference or optical interference.
SRyS is difficult to observe with thermal atomic ensem-
bles, because the coherence is stored in the momentum
states of the atoms. Thermal motion of atoms there-
fore Doppler-limits the coherence time of the system [18].
CARL is much less sensitive to the thermal motion of
the atoms, because the coherence is stored in the light
field of the cavity. The density-of-states in the cavity re-
stricts the frequency of the scattered light to values close
to one of its eigenfrequencies. In the case of a so-called
good-cavity this is equivalent to the fact that the atomic
momentum states which can be populated by photonic
momentum transfer are limited to a few low-lying states.
This effect counteracts momentum diffusion which can
occur due to a thermal motion of the atoms, but is also
intrinsically connected with the collective gain process
itself.
We organized this paper as follows: In section II we
expose the problem of motion-induced collective effects
in light scattering. In particular, we will discuss the intri-
cate relationship between CARL and SRyS, pointing out
the common features and the differences. We will then
briefly introduce the mathematical models we use to re-
produce our observations in simulations. Ideally, in a per-
fectly homogeneous cloud the collective instability would
start from quantum fluctuations in the reverse mode,
thermal excitations of this mode being completely frozen
out at room temperature. However, thermal fluctuations
in the atomic density distribution and, even more impor-
tant, spurious light scattering at the surfaces of the cavity
mirrors scatter a certain amount of light into the reverse
mode, which is sufficient to seed the instability. It is thus
important to incorporate mirror backscattering in real-
istic theoretical models, as we will show in section IID.
Section III is devoted to presenting our experimental ap-
paratus, the temporal sequence of an experimental run
and several measurements. In particular, we will show
the measured dependences of the collectively scattered
light power on various parameters, such as atom num-
ber, pump power, and mirror backscattering. We will
demonstrate that both regimes, the good- as well as the
bad-cavity regime, can be realized and exhibit character-
istic signatures. In section III F, we present and discuss
time-of-flight absorption images taken on thermal and
Bose-condensed atomic clouds. We conclude this paper
with a discussion and a brief outlook.
II. THEORETICAL BACKGROUND
CARL and SRyS have been observed under very differ-
ent experimental circumstances and in different parame-
ter regimes. In the case of CARL the atoms are stored in
a ring cavity, for SRyS they are held in free space. CARL
can be observed with 100 µK cold atoms [7], while SRyS
requires temperatures lower than 1 µK and is hardly seen
with thermal clouds. Finally, CARL is seen with pump
laser detunings, which are 3 or 4 orders of magnitude
larger, than for SRyS.
Nevertheless, both phenomena have an important fea-
ture in common. They share the same gain mechanism
based on collective light scattering and leading to an ex-
ponential instability in the atomic density distribution
and to the emission of coherent light pulses. In this sec-
tion, we will summarize and combine the main theoreti-
cal results published in [10, 20, 21] in order to clarify the
connection between CARL and SRyS in a consistent pic-
ture supporting the understanding of our measurements.
Later we derive equations of motion valid in both regimes
of CARL and SRyS.
A. Self-amplification in CARL and SRyS
In the CARL experiments [7, 8, 9], a cold or ultra-
cold atomic cloud is brought into the mode volume of
a unidirectionally pumped ring cavity. The pump light
is very far detuned by more than 1 nm. It is irrelevant
whether the cloud is condensed or thermal. The atoms
scatter light from the pumped into the reverse mode.
Tiny fluctuations in the nearly homogeneous atomic den-
sity distribution are exponentially amplified. The atoms
self-organize into a one-dimensional optical lattice and a
red-detuned coherent probe light is emitted by the re-
verse mode.
The Rabi frequency generated by a single photon in the
ring cavity of round-trip length L and waist w0 is Ω1 =√
3Γc/k2w20L [22, 23]. The single-photon light-shift far
from resonance, U0 = Ω
2
1/∆, can also be interpreted as
the Rabi frequency for the coupling between the pump
and the probe mode, i.e. the rate at which photons are
exchanged between the modes. The small signal gain can
be derived from a linearization of the CARL equations
[20, 21],
Gc =
2g2N
κc
, (1)
where N is the atom number and κc = piδfsr/F the decay
rate of the light field in the cavity. δfsr is the free spectral
range of the cavity and F its finesse. The quantity g is
given by
g =
Ω+Ω−
2∆
, (2)
where the Rabi frequency generated by the pump mode
scales with the root of the pump photon numbers, Ω+ =
Ω1
√
n+. The coupling strength in the probe mode is
3Ω− = Ω1. ¿From the above equations, we get
Gc =
Ω2+
2∆
N
κc
Ω2
−
∆
. (3)
In the SRyS experiments performed up to date [10,
11, 12, 18, 24], an ultracold, in general Bose-condensed
atomic cloud with ellipsoidal shape is irradiated by a
short pump laser pulse modestly detuned from an atomic
resonance by about 1 GHz. The pulsed pump light
drives a transient dynamics simultaneously forming a
matter wave grating and emitting an optical mode into
the BEC’s long axis, which exponentially amplify each
other.
Following Ref. [10], one may associate the part of the
BEC that corresponds to atoms which have scattered a
photon with an atom number Nr. The remaining part
consists of N atoms. The density is modulated by inter-
ference between the two parts of the wave function, and
the number of atoms that form the density modulation
is Nmod ∝
√
2NNr. As for usual Bragg scattering or
Dicke superradiance the number of photons n scattered
at the density modulation is n ∝ N2mod ∝ Nr. Since
every scattered photon generates a recoiling atom, the
number of recoiling atoms increases like N˙r ∝ n, and we
get N˙r = GsrNr, i.e. an exponential increase of recoiling
atoms with a gain factor Gsr. This increase is mirrored
by an identical rise of the number of scattered photons,
which results in a gain mechanism for the scattered light
mode. The incident and the scattered light mode are co-
herently coupled, just like in the case of CARL, so that
in principle the scattered photons can be scattered back
into the incident mode.
The superradiant gain can be expressed as
Gsr = RN0
Φs
8pi/3
, (4)
where R = ΓΩ2+/(4∆
2 + 2Ω2+ + Γ
2) is the single-atom
Rayleigh scattering rate, with Γ being the linewidth of
the atomic resonance, ∆ the detuning, and Ω+ the Rabi
frequency generated by the incident laser beam. Φs ≃
λ2/pi
4
w2 is the scattering solid angle, with w being the
waist of the condensate. Hence, far from resonance,
Gsr =
Ω2+
∆2
N0
3Γ
2k2w2
. (5)
This result can be brought into the same form as the
CARL gain (3), if we interpret the condensate, whose
length along the long axis is L, as a cavity with free
spectral range δfsr = c/L and finesse Fsr = pi. With this
interpretation the decay rate of the light mode scattered
by the condensate is given by the residence time of the
light within the BEC [25], κfsr = piδfsr/Fsr = c/L.
Gsr =
Ω2+
2∆2
N0
κsr
3Γδfsr
k2w2
=
Ω2+
2∆
N0
κsr
Ω21
∆
. (6)
This result shows the equivalence of the superradiant gain
and the gain occurring in CARL in equation (3).
The formal identity of the small signal gain of CARL
and SRyS points to the same roots of both phenom-
ena. Nevertheless, their respective experimental circum-
stances are quite different. The differences become most
apparent in the simultaneous build-up of the atomic den-
sity grating and optical standing wave, occurring as well
in CARL as in SRyS. The difference lies in the storage
of the coherence, which is crucial in order to sustain the
build-up process. In principle the coherence can either
be stored as a matter wave coherence between different
atomic momentum states or as a phase coherence be-
tween the two involved light fields. In SRyS the optical
coherence time alone would be very small, as can be esti-
mated from the decay rates of the optical modes, which
are on the order of κsr ≃ 1012 s−1. The coherence must
therefore be maintained in the atomic momentum states
which then form a matter wave grating. This is the rea-
son why SRyS is very sensitive to the temperature of the
atomic cloud. The thermal energy of the atoms must be
smaller than the recoil energy kBT < ~ωr = 2~
2k2/m.
Otherwise, the Doppler broadening leads to decoherence
of the momentum states and detroys the matter wave
coherence and the resulting density grating.
For CARL the situation is reversed. CARL has been
observed with temperatures much higher than the recoil
temperature, i.e. in a regime where interferences between
atoms in Raman superpositions of momentum states are
quickly smeared out by Doppler broadening. Here, the
optical cavity plays the crucial role, because it phase-
coherently stores the participating light fields for times
on the order of several µs, given by the cavity decay rate
κc/2pi = 20 kHz ≪ κsr which is 7 orders of magnitude
smaller than in the case of SRyS without cavity.
B. Collective gain in various regimes
The important point is now, that the broad range in
which the collective gain can be varied in our experiment
allows us to study CARL and SRyS dynamics as two op-
posite regimes of one system, called the good-cavity and
the bad-cavity regime. Both regimes can be further di-
vided into a semiclassical and a quantum domain and are
characterized by two parameters, the CARL parameter ρ
and the scaled decay rate κ [19]. The CARL parameter
is given by the product of the small signal gain and the
decay rate of light both in units of the recoil frequency
ωr = 2~k
2/m
ρ3 =
Gc,sr
ωr
· κc,sr
ωr
. (7)
The scaled decay rate κ = κc,sr/ωrρ depends via ρ on
the gain, too. The good-cavity regime is given by κ < 1,
the bad-cavity regime by κ > 1.
4For the interpretation it is helpful to link the gain Gc,sr
to the gain bandwidth ∆ωG, which is defined as the width
of spectral range where the light scattering is exponen-
tially amplified [19]. Let us first consider the semiclassi-
cal regime. The good-cavity limit is reached for strong
saturation of the transition between the coupled cavity
modes. This means that the gain, which can be inter-
preted as Rabi frequency, overwhelms the cavity decay
width, Gc,sr ≫ κc,sr. In this regime the transition is
power-broadened by an amount ∆ωG ∼ ωrρ (see Fig. 1).
This refers to the CARL experiments performed so far,
where the gain bandwidth is proportional to the CARL
parameter. In contrast, the bad-cavity regime is reached
for small gain, Gc,sr ≪ κc,sr. In this case, the gain band-
width is given by the cavity decay rate, ∆ωG ∼ κc,sr.
Obviously, the resolution of the gain profile cannot be
better than κc,sr. This is the typical situation of SRyS.
µ
c,sr
µ c,sr
FIG. 1: Representation of the two limiting cases of a long
and short cavity lifetime. Shown are the cavity transmission
profile (dark shaded areas) and the gain profile (bright shaded
areas). (a) When the cavity linewidth is smaller than the gain,
the good-cavity limit is realized. (b) When the gain is smaller,
the superradiant limit is realized.
The distinction between semiclassical and quantum
regime is based on the characteristic scale set by the recoil
frequency ωr. In the semiclassical regime the gain band-
width is large enough to amplify many adjacent momen-
tum states of the quantized motion ∆ωG > ωr, whereas
in the quantum regime only one momentum state can be
amplified at a time ∆ωG < ωr. Both, the semiclassical as
well as the quantum regime have been studied in Ref. [24]
in the bad-cavity limit by varying the gain bandwidth.
Strictly the CARL gain (1)-(3) is only valid in the quan-
tum regime. In this regime the equivalence to the SRyS
gain (4)-(6) appears in its clearest way. In the semiclas-
sical regime valid for our experiment the CARL gain is
reduced [21], as has also been observed in SRyS [24]. In
our experiment, the quantum limit could be reached by
reducing atom number and pump power. This would
however generate signals which are below the detection
limit of our current setup. Nevertheless, small deviations
due to the quantum nature of the atomic motion are ex-
pected, as will be briefly discussed in the next sections.
C. Equations of motion for atoms in a ring cavity
The system under consideration consists of ultra-cold
or Bose-condensed atoms interacting with two counter-
propagating modes of an optical cavity. The most general
approach would treat all modes as quantized, in partic-
ular the atomic cloud would be described by a second-
quantized matter wave field [26, 27]. Such an approach is
necessary whenever mean field interactions or quantum
statistical effects, like non-local interparticle correlations,
particle fluctuations or entanglement, play a role. In the
circumstances of our experiments, however, several sim-
plifications can be made.
1. All electronically excited states may be adiabat-
ically eliminated [6, 22]. The detuning of the pump
laser beam from the nearest resonance frequencies of the
rubidium atom is so large, that the internal dynamics is
continuously at a steady state keeping the population of
the excited states at a negligible level. 2. Propagation
effects of light inside the atomic cloud [28, 29] do not
need to be considered. In comparison with the SRyS
experiments, where the pump light is generally detuned
by amounts on the order of 1 GHz, our experiment uses
1000 times larger detunings. Hence, the optical density
of our atomic clouds at these detunings is negligibly
small. 3. Quantum statistical effects, such as entangle-
ment, are predicted to occur naturally as a result of
CARL dynamics [27]. However, our experiment is not
sensitive to signatures arising from quantum statistics.
4. We treat all light fields classically. The mode volume
of our cavity is of a size that the atom-field coupling
constant larger than the cavity decay width, but it
is much smaller than the spontaneous emission decay
width of the atomic transition. Hence we are far from
the cavity QED regime. Even in situations where shot
noise could play a role, e.g. in seeding the instability,
perturbations arising from experimental imperfections
(mirror backscattering) dominate. 5. We treat the
problem in one dimension, i.e. along the optical axis of
the cavity. Transversal oscillations of the atomic cloud,
which may result from the collective dynamics [14] are
not considered here. 6. We neglect the backaction of
the atoms on the pump light field (undepleted pump
approximation). This is possible because the probe light
is typically three orders of magnitude weaker than the
pump field. In the experiment, the pump laser is tightly
phase-locked to a cavity eigenfrequency. Consequently,
as pointed out in Ref. [7], we can suppose a fixed phase
relation between the incident pump laser field (labeled
by the electric field amplitude normalized to the field
generated by a single photon), αin, and the pumped
cavity mode, α+ = αin
√
δfsr/κc. The phase can be
arbitrarily chosen, e.g. α+ can be taken as real.
Even though quantum statistical effects do not emerge
from our measurements at temperatures close to or below
the recoil limit the quantized nature of the atoms’ motion
influences their dynamics, as described by a model de-
rived by Piovella and coworkers [19]. Within this model
and in the approximations specified above, the CARL
5Hamiltonian for an ensemble of N atoms reads
H =
1
2m
N∑
j=1
pˆ2j + ~∆c
(|α−|2 + |α+|2
)
(8)
+ ~U0α+
N∑
j=1
(
α∗
−
e−2ikzˆj + h.c.
)
,
where U0 is the single-photon light shift, and ∆c the de-
tuning between pump and probe. The motional degrees
of freedom, i.e. the position zˆj and the momentum pˆj
of every atom, satisfy the following commutation rela-
tion [zˆj , pˆj′ ] = i~δjj′ . From the Heisenberg equations
i~ ˙ˆz = [zˆ, H ] and i~ ˙ˆp = [pˆ, H ] we derive the equations of
motion for the coupled system,
dzˆj
dt
=
pˆj
m
, (9)
dpˆj
dt
= −2i~kU0α+
(
α∗
−
e2ikzˆj − α−e−2ikzˆj
)
,
dα−
dt
= −(κc + i∆c)α− − iU0α+
N∑
j=1
e−2ikzˆj .
In the last equation cavity damping has been introduced
phenomenologically. bˆ ≡ N−1∑j e−2ikzˆj measures the
degree of atomic bunching. Starting from these equa-
tions, we either treat the motion classically or quantized
[19, 30]. In the first case, we simply replace the position
and momentum operators by their classical expectation
values. These are the basic equations used to model most
of the curves shown in this paper [31].
In order to check, whether quantum effects of the
motion have an impact on the collective dynamics, we
have derived from (8) a master equation for the den-
sity operator defining a momentum basis |n〉j such that
pˆj |n〉j = 2~kn |n〉j and |ψ(θj〉 =
∑
n cj(n) |n〉j . The
calculations, which are analogous to those presented in
Ref. [19], are not reproduced here. They basically show
that, for the parameters used in our experiments, quan-
tum effects of the atomic motion are small. I.e., using
the terminology of Ref. [19], we are in the semiclassical
regime.
D. Modeling mirror backscattering and radiation
pressure
Perturbative effects resulting from backscattering from
the mirror surfaces and from radiation pressure have been
neglected so far. Unfortunately, we found both effects to
influence the experimental observations, so that this ide-
alization has to be given up. Let us first discuss mirror
backscattering. Dust particles or irregularities on the
mirror surfaces can scatter light from a cavity mode into
the counterpropagating mode. This effect is well-known
in laser gyroscopes, where it leads to phase-locking. In-
terestingly, the effect is the more pronounced the better
the reflectivity of the mirrors and hence the finesse of the
cavity [23]. In principle, to describe mirror backscatter-
ing, one has to know the precise locations of the scatterers
on the mirrors. As we explain in another paper [32], we
can describe their influence by a single scatterer local-
ized at position zs with a wavelength-dependent scatter-
ing rate Us. The scattering can be modeled in the very
same way as backscattering from atoms, except for the
fact that the scatterers are now fixed in space. Hence,
we may just replace the Hamiltonian (8) by
H ′ = H + ~Usα+
(
α∗
−
e−2ikzs + h.c.
)
. (10)
The resulting modified equations of motion are only
changed by an additional term for the evolution of the
field amplitude. I.e. the third of the equations (9) is sup-
plemented with a gain rate iUsα+ for the probe mode re-
sulting from photons scattered out of the pump mode by
mirror backscattering. In the experiment, we determine
the amount of mirror backscattering Us from independent
measurements.
Radiation pressure is due to spurious population of
electronically excited states under the influence of the
pump laser beam. Although, far from resonance the ef-
fect is weak, it still leads to a noticeable acceleration of
the atoms. Gangl and Ritsch [22] have shown that the
adiabatic elimination of electronically excited states in-
troduces additional contributions in the classical CARL
equations scaling with the Rayleigh scattering rate γ0.
This describes the effect of recoil heating due to radia-
tion pressure
m
d2zj
dt2
= −~kγ0
(|α+|2 − |α−|2
)
(11)
− 2i~kU0α+
(
α−e
2ikzj − α∗
−
e−2ikzj
)
,
dα−
dt
= −(κc +Nγ0)α− −N(γ0 + iU0)α+b− iUsα+ .
The additional contributions not only lead to losses for
the light mode, but also exert an accelerating force onto
the atoms. Experimentally, we observe a broadening
of the momentum distribution by recoil heating which
slightly impairs the collective dynamics for measuring
times longer than 100 µs.
III. MEASUREMENTS
We describe our experimental setup tracking the tem-
poral sequence of an experimental run. The whole setup
(shown in Fig. 2) consisting of magnetic coils, wires and
the ring cavity is placed inside a ultra-high vacuum cham-
ber pumped by a cryogenic titanium sublimation pump
and a 20 l/s ion getter pump to a pressure of about
10−11mbar. Heat produced in coils and wires inside the
vacuum is dissipated via a temperature-stabilized cool-
ing rod to a liquid nitrogen reservoir. A second vacuum
6Spule
Joffewires
cooling
rod
MOT
IC
HR HR
P P
- +
PDH
from 2D-MOT
m
a
gn
et
ic
tra
ns
fe
r
1 cm
FIG. 2: Technical drawing of the setup in the main chamber
including coils for magnetic and magneto-optical trapping,
wires for a Joffe-Pritchard type trap and the ring cavity. All
pieces are held together by massive copper parts omitted in
this figure for clarity.
chamber is connected with this main chamber via a differ-
ential pumping hole and contains a Rb partial pressure
of several 10−7mbar. The second chamber accommo-
dates a two-dimensional magneto-optical trap (2D-MOT)
producing a cold atomic beam directed into the main
chamber. From this atomic beam about 108 atoms/s are
recaptured in a standard magneto-optical trap (MOT)
in the main chamber. After the MOT has been loaded
for 15 s, the atoms are transferred into a magnetic trap
produced by the same coils as the MOT. On a typical
day, we load about 2 × 108 atoms at a temperature of
T = 100 µK into the magnetic trap. The atoms are
then magnetically transferred via a second into a third
pair of coils, whereby the atoms are compressed adiabat-
ically. The magnetic quadrupole field gradient between
the third pair of coils is 160G/cm in the horizontal and
320G/cm in the vertical direction. With two pairs of
wires separated by 1mm and running parallel to the sym-
metry axis of the coils a Joffe-Pritchard type potential is
created [33]. Typical values of the oscillation frequencies
in this trap are ωr/2pi = 200Hz and ωz/2pi = 50Hz at
a magnetic offset field of B0 = 2G with the z-direction
pointing along the cavity mode through the gap between
the wires. The vertical position of the wire trap can easily
be shifted by the currents in the quadrupole coils. Inside
the wire trap the atoms are cooled by forced evapora-
tion: a microwave frequency is tuned resonantly to the
ground state hyperfine structure and couples the trapped
Zeeman state |2, 2〉 and the untrapped state |1, 1〉. We
ramp down the frequency for 15 s starting from a de-
tuning of 210MHz and reach quantum degeneracy at a
detuning of about 4MHz with about N = 5× 105 atoms
at Tc = 800nK. Almost pure condensates of N = 2× 105
atoms can be achieved by ramping down to even lower
frequencies. When the evaporative cooling stage is com-
pleted, the cold atoms are vertically transferred into the
mode volume of the ring cavity. The ring cavity consists
of one plane (IC) and two curved (HR) mirrors with a
curvature radius of Rc = 10 cm. The round-trip length
of the cavity is 8.5 cm, corresponding to a free spectral
range of δfsr = 3.5GHz. One of the two counterprop-
agating modes is continuously pumped by a titanium-
sapphire laser. The laser can be stabilized to this mode
using the Pound-Drever-Hall (PDH) method. The qual-
ity factor of the cavity depends on the polarization of
the incoupled light. For p-polarized light, a finesse of
F = 87000 is determined from a measured intensity de-
cay time of τ = 3.8 µs. For s-polarized light the finesse
is 6400.
A. Experimental procedure
The measurements are performed in the following way.
A cloud of cold atoms is magnetically transferred into the
cavity. During this time the cavity is not pumped with
light in order to prevent losses of atoms due to Rayleigh
scattering. This implies that the frequency of the laser
0 020 2040 4060 60
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FIG. 3: (a) Typical measured time signal (solid line) of the
probe-light power. Experimental parameters areN = 1.5·106 ,
P+ = 4W, λ = 797.3 nm and F = 87000. For visibility the
pump-light power (dashed line) is scaled down by a factor of
0.001. (b) Simulation of the CARL equations. The measured
rise of the pump-light power is used in the simulation and the
experimental parameters are fitted in order to agree with the
measured time curve. The fitted parameters (P+, N) are in
reasonable agreement with the measured parameters.
cannot be stabilized to a mode of the cavity during the
transfer. As soon as the atoms are inside the cavity, we
switch on the pump light again and ramp its frequency
across the cavity resonance. This is done by means of a
piezo-electric transducer normally controlled by the slow
branch of the Pound-Drever-Hall (PDH) servo, which is
interrupted for this reason. As soon as the frequency
7is close to the cavity resonance, the fast branch of the
PDH servo acting on an acousto-optic modulator (AOM)
quickly pulls the laser frequency to the center of the res-
onance and tightly locks its phase, thus compensating
for the frequency ramp. After a time of about 50 µs the
pump light is turned off. The build-up time for the ring
cavity pump mode is limited by the bandwidth of the
locking servo to about τbw = 20 µs, which is longer than
the cavity decay time.
As soon as the pump mode power builds up in the ring
cavity, the collective dynamics results in light scattering
into the cavity probe mode. The limited build-up time of
the pump power leads to a delayed and slightly weaker
dynamics as compared to a rapid switch-on.We study
this dynamics mainly via the evolution of the recorded
probe light power P−. The time signal of the probe light
shows characteristic maxima and minima like the ones
presented in Fig. 3. This behavior can be explained most
easily in the case, where the atoms occupy a initial mo-
mentum eigenstate and are coupled by the coherent dy-
namics to a final momentum state. The temporal evolu-
tion is a Rabi oscillation-like change of occupation from
the initial to the final state. This causes the build-up
of an atomic density grating which reaches its maximum
with half of the atoms in each state and zero contrast
when all atoms are in the initial or the final state. The
scattered light is proportional to this density grating con-
trast. Maxima in the probe light power therefore occur
with each change of the momentum state. In the situa-
tion depicted in Fig. 3 the dynamics leads to the simulta-
neous occupation of an increasing number of momentum
states. The maximum atomic density grating washes out
with time and we observe a decrease of the light power
maxima.
In the following we analyze the probe light power
reached at the first maximum P−,1, because it shows a
clear dependence on atom number N , pump light power
P+, laser wavelength λ, finesse of the cavity F , and on the
atomic cloud’s temperature T . In contrast, it is quite ro-
bust against perturbative effects such as mirror backscat-
tering. Simulations of the CARL dynamics like shown in
Fig. 3(b) are performed by numeric integration of (11)
with the explicit Euler method. We simulate the trajec-
tories of Ns = 100 atoms, each representing N/Ns real
atoms. At the beginning of the simulation the atoms are
spread in position over half a wavelength with equal spac-
ings. For simulations of clouds with temperature T = 0
the start momentum of all atoms is set to pj = 0. For
simulations of clouds with nonzero temperature the mo-
menta at the beginning are normally distributed with
〈p2j〉 = mkBT .
B. Mirror backscattering
Scattering from the mirror surfaces leads to the pres-
ence of light in the probe mode even in the absence
of atoms in the cavity. In the presence of atoms, this
light influences the atomic collective dynamics. Fig. 4
shows the impact of mirror backscattering on the height
of the first maximum P−,1 and on the time delay ∆t from
switching on the pump until the maximum is reached.
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FIG. 4: Influence of mirror backscattering (a) on the peak
probe power P
−,1 and (b) on the delay of this peak ∆t. The
rate of mirror backscattering Us is given in units of the cavity
decay rate κ. Measurements (circles) and simulations (lines)
show a decrease of both P
−,1 and ∆t with rising Us. The
experimental parameters are λ = 796.1 nm, N = 1.5 × 106,
P+ = 500mW and F = 87000. In the simulations atom num-
ber and pump power are fitted to 1.9 N and 0.6 P+ in order
to reach good quantitative agreement with the measurements.
Good qualitative agreement is also reached if the simulations
are performed with the measured parameters.
The backscattering rate strongly depends on the wave-
length of the pump laser, when it is resonant to an eigen-
frequency of the cavity [32]. This phenomenon can be un-
derstood as interference of the waves backscattered from
all three cavity mirrors. From the experimental point of
view, the most interesting feature is that backscattering
can be avoided by a proper choice of the resonant cav-
ity mode. The mirror-induced probe light power varies
between almost 0 and 0.6% of the pump power.
Backscattered light in the probe mode represents an
artificial instability, which seeds the collective dynam-
ics. Consequently, increased mirror backscattering re-
duces the time delay ∆t. On the other hand, the maxi-
mum probe light power P−,1 decreases with ∆t, because
the finite switch-on time limits the pump light available
at this stage. This behavior is verified by the measure-
ments shown in Fig. 4. For these measurements we vary
the mirror backscattering by choosing different longitu-
dinal cavity modes [32].
In the simulations shown in same figure, the finite
switch-on time is taken into account. The atom num-
ber and pump power are fitted in order to reach good
agreement with the experimental data, but the general
behavior can be reproduced without free parameters. For
a hypothetic sudden switch-on, we would expect a much
weaker dependence of P−,1 on mirror backscattering.
The observation that increased mirror backscattering
leads to a faster rise of the collective dynamics only
applies, when the amount of mirror backscattering is
smaller than the atomic coupling strength Us < NU0,
which is true for the above given values. For a reduced
8atom number of about N ∼ 105 though, mirror backscat-
tering is on the same order of magnitude as the atomic
coupling. In this case, it is able to suppress the collective
dynamics, which we do observe experimentally. When
we use Bose-Einstein condensed clouds, atom numbers
are precisely on the order of 105. It is therefore nec-
essary to resort to cavity modes with ultra-low mirror
backscattering. To control and cancel the amount of
mirror backscattering, we have developed a method de-
scribed in [32] based on the injection of an additional
light field into the probe mode of the cavity.
C. Pump power
The dynamics of the collective instability depends on
the pump light power. A reduction of pump power leads
to a decrease of the contrast of the optical standing wave
resulting from the interference of the pump and probe
modes. This weakens the collective dynamics. In previ-
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FIG. 5: Influence of the pump light power on (a) the peak
probe power P
−,1 and (b) the time delay between the first
and the second superradiant peak ∆t1,2. Simulations are
without free parameters. Residual fluctuations in the sim-
ulation for T = 800 nK in (a) are due to a limited simulated
atom number. Experimental parameters are λ = 796.1 nm,
N = 2.4 × 106, and F = 87000. The stochastic error lies
within the size of the markers.
ous experiments [8], where the CARL has been exposed
to the dissipative and diffusive forces of an optical mo-
lasses, we observed a threshold behavior in the pump
power. In contrast, the present setup lacks a strongly
dissipative reservoir, so that it is unclear whether CARL
with BECs can show a threshold behavior. The only
channel available to dissipation in this setup is transmis-
sion through the cavity mirrors. This provides a coupling
of the cavity modes to the electromagnetic field of the
surroundings, which to good approximation can be re-
garded as a zero-temperature reservoir of photons. One
therefore would expect dissipation without diffusion.
We observed that temperature effects can lead to
a threshold-like behavior, if the atoms are not Bose-
condensed. Fig. 5(a) shows measurements of the max-
imum probe light power P−,1 as a function of the pump
power P+. The data agree very well with simulations
(solid line) using the parameters specified in the captions
of Fig. 5 and a temperature of the atoms of T = 800nK.
The dotted line is a simulation with the same parame-
ters, but at temperature T = 0. Down to a pump power
of about P+ ≈ 0.1W, both curves coincide. Below this
value the probe power is considerably reduced if the tem-
perature of the atoms is finite. This demonstrates that
thermal motion of the atoms can suppress the collective
dynamics if the gain is not strong enough [34]. Another
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FIG. 6: Simulations (solid lines) of the transition from bad-
cavity to good-cavity regime with respect to (a) atom num-
ber and (b) pump power. Each dependency is plotted for
two values of the finesse F . The experimental parameters are
P+ = 1W in (a) and N = 10
6 in (b). For the F = 87000
simulations the wavelength is λ = 796.1 nm for F = 6400 it
is λ = 795.3 nm. The vertical lines in each figure show the
value of the parameter held fixed in the other part of the fig-
ure. They characterize the region where our experiments take
place. The dotted (dashed) lines show the asymptotic behav-
ior typical for the good-cavity (bad-cavity) regime. The devi-
ation of the simulations from the asymptotic behavior [solid
curves in Fig. (a) below N = 104] stems from mirror backscat-
tering, which plays a major role for small atom numbers and
suppresses the collective dynamics. The simulations are per-
formed at T = 0 in order to show the underlying physics
without being influenced by temperature effects.
observable which depends on the pump power is the time
difference ∆t1,2 between the first and the second superra-
diant light pulse. This time difference corresponds to the
typical time-scale, on which the atomic momentum dis-
tribution is shuffled between different momentum states.
The stronger the pump power is, the faster the momen-
tum distribution changes. This connection is shown in
Fig. 5 (b), where the data agree very well with a sim-
ulation with the above given parameters and an atomic
temperature of T = 0. A simulation with the realistic
atomic temperature of T = 800nK hardly differs from
the T = 0 curve and is omitted in Fig. 5 (b) for clar-
ity. This shows that the time difference ∆t1,2 is quite
insensitive to the momentum spread of the atoms.
D. Finesse
The CARL model comprises different regimes, which
are denoted as good-cavity and bad-cavity regime. While
9former work in our group was performed in the good-
cavity regime [8, 35], the SRyS experiments are very far
in the bad-cavity regime [10, 24]. With our new appa-
ratus we are able to reach both regimes by varying the
finesse of the cavity and to find characteristic signatures
of the regimes in the comportment on certain experimen-
tal parameters. The maximum probe light power scales
in the good-cavity regime with P−,1 ∝ N4/3 · P 1/3+ and
in the bad-cavity regime with P−,1 ∝ N2 ·P+ [5]. Which
regime is reached does not only depend on the finesse F ,
but also on the atom number and the pump power them-
selves. As discussed in Sec. II C, the regime is determined
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FIG. 7: Measured dependency of the maximum probe light
power as a function of atom number for values of the finesse
of (a) F = 87000 and F = 6400. The parameters are a) λ =
796.1 nm, P+ = 1.43W and b) λ = 795.3 nm, P+ = 66mW.
Comparing the data points to the asymptotic behavior shown
in the dotted and dashed lines the situation in a) can be
identified as good-cavity regime and the situation in (b) as
bad-cavity regime. The behavior is confirmed by simulations
with no free parameters (solid lines). The values of the data
points are scaled by (a) 0.75 and (b) 2.8 in order to improve
agreement with the simulation. This systematic error of the
data points is due to uncertainties in the calibration of the
probe light power. These depends on the polarisation of the
light and for this reason we have to apply different scalings
for low and good finesse. Nevertheless the dependency on
atom number, which in the logarithmic plot shows up as a
different slope is not changed by this pure multiplication. The
stochastic error lies within the size of the markers.
by the relative size of the cavity decay rate, κc ∼ F−1,
and the gain bandwidth which depends on the collec-
tive gain G ∼ nNU20 /κc. Hence, the good-cavity regime
is characterized by large atom numbers and large pump
powers, and the bad-cavity regime by small atom num-
bers and small pump powers. This feature is shown in
Fig. 6, where the dependence is simulated for the two
values of the finesse accessible to our experiment. As can
be seen, the transition between the two regimes is not
sudden, but spreads across a wide range of atom number
and pump power.
Measurements of the dependence of the maximum
probe light power on atom number are shown in Fig. 7.
The finesse of the ring cavity can be set to either F =
87000 in Fig. (a) or F = 6400 in Fig. (b) by simply ro-
tating the polarization of the pump light with respect
to the symmetry plane of the cavity. This enables us o
probe both, the good-cavity and the bad-cavity regime.
The asymptotic dependency in the good-cavity regime is
shown by dotted lines, the dependency in the bad-cavity
regime by dashed lines. The solid line represents a sim-
ulation with no free parameters. By varying the atom
number in (a) between N1 = 3 · 105 and N2 = 2 · 106 the
corresponding CARL parameters [Eq. (7)] [5] are ρ1 =
4.7 and ρ2 = 7.0, the corresponding scaled decay rates
are κ1 = κc/ωrρ1 = 0.3 and κ2 = 0.2. The conditions
κ1,2 < 1 and ρ1,2 > 1 are typical for the semi-classical
good-cavity regime. Indeed, the data points are lying
close to the good-cavity theoretical lines. In Fig. 7(b)
the measured atom numbers between N3 = 1.1 · 106 and
N4 = 2.5 · 106 correspond to CARL parameters between
ρ3 = 5.1 and ρ4 = 6.7 and scaled decay rates between
κ3 = 3.7 and κ4 = 2.8. The conditions κ3,4 > 1 and
ρ3,4 > κ3,4 are typical for the semi-classical bad-cavity
regime. This is confirmed by the data points which seem
to be approximated by the good-cavity asymptotic line
for high atom numbers. The discrepancy for low atom
numbers is due to mirror backscattering. This effect is
also visible in the simulation.
E. Temperature
With our apparatus the atomic temperature can be
varied within a range from below one µK to several tens
of µK. This allows us to systematically examine the in-
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FIG. 8: (a) Measured time signal of the probe-light for dif-
ferent atomic temperatures. For clarity the curves are shifted
by 0.35mW from each other. The experimental parameters
are for all curves N = 106, λ = 796.1 nm and F = 87000.
The signal decreases and the contrast is washed out for rising
temperature. (b) Maximum probe-light power as a function
of temperature extracted from (a).
fluence of the temperature on the collective dynamics and
identify the role of quantum statistics in the dynamics of
CARL and SRyS. Fig. 8(a) presents recorded time signals
of the probe light for different temperatures.
The curves show characteristic trains of superradiant
pulses. With rising temperature the maximum probe-
light power decreases and subsequent pulses are washed
out. The bottom curve, which corresponds to a tem-
perature of T = 40 µK, shows no modulation of the
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light power and resembles the time evolution of pure mir-
ror backscattering. The decrease of the maximum probe
light power is separately plotted in (b). Obviously, a ris-
ing temperature leads to a suppression of the collective
dynamics. This can be explained by the fact that the self-
amplified optical standing wave has to arrange the atoms
into an atomic grating. This is only possible if the depth
of the optical lattice is larger than the thermal energy of
the atoms. For that reason a rising temperature leads to
fewer atoms participating in the gain mechanism. This
is the reason why we cannot see CARL activity in the
present experiment with atom numbers of N = 106 at
a temperature of T = 40 µK, while we observed CARL
in recent experiments with atom numbers of N = 107 at
temperatures well above T = 100 µK [7, 8]. The fact
that CARL is observable at all with thermal clouds of
atoms, is the proof that quantum statistical phenomena
do not play a role for the dynamics of CARL.
F. Evaluation of absorption images
500
500
1000
1000
15000
0
0510
(a)
(b)
0
1
2
3
D
(ar
b.
un
its
)
P (W)
0 0.2 0.4 0.6
0
2
4
6
t (ms)
0
2
4
6
8
0 100 200 300
+
+
+
+
P = 0.05 W
P = 0.3 W
P = 0.7 W
8
10
(c)
(d)
y
m
mx
p 2 k
(
(
(
)
)
)
p
2
k
(
)
p
2
k
(
)
FIG. 9: (a) Typical absorption image of a thermal atomic
cloud after the CARL dynamics and 10ms ballistic expan-
sion. (b) Vertically integrated optical density of the cloud.
(c) Measured mean momentum as a function of pump power
compared to a simulation with no free parameter. (d) Simu-
lated time evolution of the mean momentum. The momentum
is given in units of the recoil momentum pr = 2~k. The ex-
perimental parameters are λ = 796.1 nm, N = 2.4 × 106 and
F = 87000. The atomic temperature is T ≃ 1µK.
After a time period where the atoms are exposed to
collective dynamics, the atoms are released from the mag-
netic trap. The atomic cloud expands ballistically, and
after a time-of-flight of typically tTOF = 10ms an ab-
sorption image is recorded, revealing the momentum dis-
tribution of the atoms in the trap. Fig. 9(a) shows a
typical image of a thermal atomic cloud with (b) the ver-
tically integrated optical density. The momentum can
be calculated from the horizontal displacement of the
atoms. Individual momentum states cannot be resolved,
because the momentum distribution appears broadened
by the thermal motion. Nevertheless, interesting infor-
mation like the mean momentum 〈p〉 can be extracted
from such images. Therefore, we calculate the center-
of-mass of the vertically integrated optical density. This
mean momentum can be examined as a function of the
experimental parameters. Fig. 9(c) shows this depen-
dency of the pump power. The measurements are very
well reproduced by simulations of the CARL equations.
The simulations in Fig. 9(d) show that the mean momen-
tum increases rapidly during the first T = 50 µs and then
starts to saturate. The saturation is due to the presence
of the optical cavity restricting the range of accessible
momentum states. In the simulations, we assume a re-
alistic temperature of T = 1.2 µK. The strong spatial
modulation of the atomic density in Fig. 9(a) depicts
the momentum distribution generated by the collective
dynamics. This behavior is qualitatively supported by
simulations.
If as shown in Fig. 10 a Bose-Einstein condensate is
used, we are able to resolve individual momentum states
for (a) no pump light-field and (b) a pump light-power
of Pmax+ ≈ 1W. Due to the short interaction time of the
BEC with the light-field of tia ≈ 40 µs only two superra-
diant maxima are observed in (c). The measured atomic
momentum distribution after the interaction in (d) shows
a depopulation of the |p〉 = |0〉 state and a shift towards
momentum states with positive momentum. The sub-
stantial population of the momentum state with negative
momentum |p〉 = |− 1〉 is due to the semiclassical behav-
ior of the system and is equivalent to the observation of
momentum spread in [24].
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FIG. 10: Absorption images of Bose-Einstein condensates af-
ter 10ms ballistic expansion (a) without CARL and (b) with
CARL activity. (c) Simultaneously recorded pump (dashed
line) and probe power (solid line). Pump power is scaled
down by 10−4. (d) Momentum distribution derived from Fig-
ure (b).
IV. CONCLUSION
We conclude this paper with the statement, that the
collective atomic recoil laser and superradiant Rayleigh
scattering are two faces of the same medal. Previous
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theoretical work [36] has shown that the characteris-
tic quantity distinguishing both effects is the collective
gain bandwidth compared to the cavity decay rate. Our
experiment is designed to give access to both regimes,
the superradiant (or bad-cavity) regime and the good-
cavity regime. The observed characteristic dependence
of the instability amplitude on the atom number allows
us to clearly identify the regimes, and to experimentally
demonstrate the intrinsic link between both phenomena.
Another important result is the presence of collective
instabilities at high temperatures. In earlier experiments,
CARL dynamics have been observed with atomic clouds
as hot as several 100 µK [7]. This proves that the gain
process underlying both, SRyS and CARL, is not based
on quantum statistics, but on cooperativity [16]. From
this results a better understanding of the intricate rela-
tionship between CARL and superradiance.
This experiment represents the first study of Bose-
Einstein condensates in macroscopic cavities. For the ex-
periments described within this publication though, the
quantum degeneracy of the atoms is unimportant. How-
ever in future experiments, we want to study the role
of quantum statistics in a regime, where photonic and
matter-wave modes are coherently coupled [37]. In this
new regime the CARL dynamics may generate entangled
states between atoms and scattered photons [27, 38].
Another challenge would be to reach the so-called
quantum limit. This limit is distinguished from the semi-
classical limit by the fact that the gain bandwidth is so
small, ∆ωG ≫ ωr, that only adjacent momentum states
of the atomic motion are coupled. This case (provided
the temperature is very low) results in a train of self-
similar superradiant pulses [20]. In our experiment this
regime could be reached by enhancing the finesse of the
ring cavity or by reducing ωr, e.g. by tuning the pump
laser to an atomic resonance at a much higher frequency.
To treat this regime the use of quantized atomic motion
in the CARL equations is compulsory [20].
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